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a b s t r a c t

Irradiation of nucleotides in the gas phase with ultraviolet light can lead to their fragmentation. We
present a comparison of UV photofragmentation data on ribo-, deoxyribo- and cyclic nucleotides with
guanine and adenine as nucleobases. The envelope of the UV photofragment spectra does not depend sig-
nificantly on the detailed structure of the sugar–phosphate backbone. The fragment channels observed in
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the photofragmentation of ribonucleotides are very similar to those of deoxyribonucleotides with small
differences in the relative abundances of the product ions. In fragmentation of cyclic nucleotides, the
deprotonated base anions are the most abundant fragments, in contrast to the non-cyclic nucleotides,
where this channel is significantly weaker. We discuss the abundances in the context of possible frag-
mentation mechanisms and structural differences of the parent molecules.
hotodissociation

ragmentation

. Introduction

The study of UV-induced photofragmentation of gas-phase
ucleotides provides a basis for the description of the intrinsic
hotophysical and photochemical properties of nucleotides. While
ucleotides in the absence of solvent can be expected to behave
ifferently from physiological conditions, this comparison may aid

n a better molecular-level understanding of possible processes
nvolved in UV photodamage to DNA and the role of the solvent in
ondensed phase DNA photochemistry [1]. In addition, gas-phase
xperiments provide insight into the fragmentation processes that
ccur following the activation of oligonucleotides in mass spec-
rometry studies.

In order to elucidate the complete process of nucleotide
hotofragmentation it is natural to start with mononucleotides. The
rimary UV chromophores in nucleotides are the nucleobases [2].
here is a great deal of spectroscopic information pertaining to the
ndividual nucleobases which forms the basis of knowledge for all
tudies on higher-order DNA/RNA systems [1,3]. In aqueous envi-
onments, all of the nucleobases show broad absorption features
n the general range of 4–6 eV. Absorption is expected to continue
urther into the UV, but absorption features of the solvent, and pos-
ibly bands involving charge transfer from the nucleobases to the
olvent, make analysis more difficult. Numerous theoretical stud-
es (see e.g., [3–6] and references therein) attribute the features in

he range of 4–6 eV mainly to � → �* and n → �* transitions. The
ipole-forbidden n → �* transitions have much weaker oscillator
trengths when compared to the � → �* transitions [1] and, as a
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result, contributions due to � → �* transitions are expected to dom-
inate the spectra. Similar behavior has been observed in gas-phase
nucleobases (see, e.g., [7,8]).

Gas-phase spectroscopic studies on nucleosides and nucleotides
are far less available. Some work has been performed by Nir et al.
on jet-cooled guanosine as well as several substituted guanosines
[7,8]. Marcum et al. [9] used UV photodissociation action
spectroscopy to probe the electronic transitions of the four depro-
tonated 2′-deoxynucleoside-5′-monophosphate mononucleotides.
Comparison of the gas-phase spectra with absorption spectra of
aqueous solutions of the mononucleotide sodium salts revealed sol-
vatochromic shifts similar to those of the individual nucleobases
[3,9]. The onset of spectral features for the gas-phase mononu-
cleotides correspond remarkably well with the origin peaks for
the gas-phase nucleobases [3,9]. This suggests that the presence
of the charged phosphate group does not cause a dramatic shift in
excitation energies.

Following the absorption of ultraviolet radiation, nucleobases
have been shown to undergo internal conversion from the initially
excited electronic state back into a vibrationally “hot” electronic
ground state on a time scale of up to a few picoseconds [3]. Fur-
ther work compared the excited state lifetimes of nucleosides to
nucleotides and individual nucleobases [10–12]. While the pres-
ence of sugar and/or phosphate subgroups was found to have an
effect on the excited state lifetimes, the differences were not sub-
stantial and the underlying photophysical process of rapid internal
conversion can be expected to take place for all systems. Later
work on jet-cooled gas-phase nucleobases found a strong excitation

wavelength dependence on the relaxation lifetimes of the isolated
bases [13]. Excitation at the S1 origin bands resulted in consider-
ably longer decay lifetimes, presumably due to the lack of available
vibrational energy to facilitate internal conversion. Excitation into

dx.doi.org/10.1016/j.ijms.2011.01.021
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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ig. 1. Structures of the four deprotonated nucleotides under study; (a) adenosin
oiety have been labeled with numbers in circles, (c) adenosine cyclic-3′ ,5′-monop

tates with considerable vibrational energy led to lifetimes on the
rder of 1 ps [14,15], which were much closer to aqueous results.
he short excited-state lifetimes of nucleobases are thought to be
ade possible by conical intersections that enable efficient cou-

ling of ground and excited electronic surfaces [3,15–19]. It has
een proposed that relaxation can proceed directly from the ini-
ially excited ��* states [20] as well as via n�* [18] or ��* [21–23]
tates. The very similar electronic relaxation times of free and sol-
ated nucleobases suggest that solvation of nucleobases does not
ramatically change the electronic relaxation mechanism, despite
he presence of H-bonding interactions between the base and the
olvent. On the other hand, the subsequent fragmentation is cer-
ainly modified by the presence of solvent. The rapid coupling of
ibrational energy into the solvent should occur on a time scale
n the order of tens of picoseconds, making fragmentation ener-
etically inaccessible [24]. In the gas phase, there is no such fast
elaxation into the solvent, and fragmentation occurs on a multi-
anosecond [25] to microsecond [26] time scale.

Overall, little work has been done on the UV photofragmentation
f gas-phase mononucleotides thus far. Two fixed frequency stud-
es on AMP have been published [25,26], and a recent study from
ur laboratory [9] investigated the photofragmentation spectra of
he 2′-deoxynucleoside-5′-monophosphate mononucleotides. The
tudies by Nielsen et al. [26] and by Andersen and coworkers [25]
ocused on the dissociation time scales of electrosprayed deproto-
ated AMP anions after irradiation by 266 nm radiation. Andersen
nd coworkers also investigated the photofragments of deproto-
ated AMP anions and found analogous fragments to those found

n UV photodissociation of dAMP [9].
In the current article, we present a study of UV photofragmenta-

ion of anionic, deprotonated ribonucleoside-5′-monophosphates
nd the ribonucleoside-3′,5′-cyclic-monophosphate mononu-
leotides, in both cases with guanine and adenine as nucleobases.
e compare these chemically modified species with the previ-
usly published data on the corresponding DNA nucleotides [9].
e discuss the results on cyclic and non-cyclic mononucleotides

n terms of fragmentation mechanisms and offer some explanation
onophosphate, (b) guanosine-5′-monophosphate; the carbon atoms of the sugar
ate, (d) guanosine cyclic-3′ ,5′-monophosphate.

of the differences between the fragmentation patterns of the
different variants.

2. Experimental

Our experimental setup has previously been described else-
where [9]. Briefly, it consists of an electrospray ionization
(ESI) source coupled to a reflectron time-of-flight mass spec-
trometer (RETOF) and a UV/Vis optical parametric converter.
The deprotonated nucleotide ions under study (see Fig. 1)
are produced from electrospray using an ∼5 mM solution
of the nucleotide of interest, namely adenosine-3′,5′-cyclic-
monophosphate sodium salt, adenosine-5′-monophosphate dis-
odium salt, guanosine-5′-monophosphate disodium salt hexahy-
drate (MP Biomedicals) or guanosine-3′,5′-cyclic-monophosphate
sodium salt (Sigma–Aldrich) in a mixture of ∼1:1 methanol/water.
Upon spraying and desolvation, the ions are accumulated in a
hexapole ion trap. After an accumulation time of ∼25 ms, the ions
are injected into the acceleration region of a Wiley–McLaren RETOF.
At the first space focus of the mass spectrometer, ions are mass
selected using a home-built mass gate and are irradiated by the
output of an optical parametric converter, tunable from 220 to
2500 nm. In a second mass spectrometry step, photofragment ions
are separated from any remaining undissociated parent ions using
a two-stage reflectron. Ions are then detected at the second space
focus of the mass spectrometer. Photodissociation action spectra
are obtained by scaling the reflectron to the appropriate mass-to-
charge ratio and monitoring the photofragment ions as a function
of photon energy and correcting for laser fluence. The mass spec-
trometer is operated at a repetition rate of 40 Hz and the laser
system at 20 Hz so that the ions are irradiated only during alter-
nating mass spectra. This allows us to obtain and correct for signal
due to the unimolecular decay of metastable parent ions. Branch-

ing ratios for the various fragment channels were calculated using
peak areas from Gaussian fits of the parent and fragment ion mass
spectra and were normalized to laser power. Laser fluence was var-
ied in the peak of the fragment action spectrum for each fragment
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Table 1
Observed fragment masses and assignments (see text).

Parent [M−H]− M = AMP M = GMP M = cAMP M = cGMP

Fragments m/z Assignment m/z Assignment m/z Assignment m/z Assignment
79 PO3

− 79 PO3
− 79 PO3

− 79 PO3
−

97 H2PO4
− 97 H2PO4

−a – – 97 H2PO4
−

134 A− 150 G−a 134 A− 150 G−

139 N/Aa – – – – – –
151 N/Ab 151 N/Aa – – – –
193 [M−AH–H2O]− 193 [M−GH–H2O]−a 175 [M−AH–H2O]− 175 [M−GH–H2O]−a

211 [M−AH]− 211 [M−GH]− 193 [M−AH]− 193 [M−GH]−
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excitation of molecular vibrations, leading to an increase in total
energy in the molecule which can undergo a number of rearrange-
ment reactions that lead to the observed products. The parallels
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Fig. 2. Branching ratios for the different fragment channels for the 2′-
a Fragment mass peaks were observed, but were too weak to obtain fragment act
b A tentative assignment is discussed in the text (Section 3.1).

o test for multiphoton absorption. No multiphoton effects were
ound.

. Results and discussion

.1. Fragment channels

Upon absorption of ultraviolet radiation, all four of the depro-
onated nucleotides under study, abbreviated [M−H]−, undergo
ragmentation into the same general classes of fragments that were
bserved in previous experiments [9,25,27–29]. The observed frag-
ent masses and assignments are collected in Table 1. The first

lass of fragments involves breaking of the CN glycosidic bond lead-
ng to formation of the deprotonated base, B− (here, B = A and G),
s well as an ion of the form [M−H–BH]− that corresponds to the
oss of neutral, protonated base (BH) from the parent ion. Also in
his class of fragments is the species [M−H–BH–H2O]−, which is
resumably formed via the loss of water from the fragment ion
M−H–BH]− [28]. Another fragment channel in this class, which is
ot observed for all parent ions, has m/z = 151. This fragment has
een observed before [29] but it has not been identified. A frag-
ent ion that presumably had m/z = 152 was recently observed

y Aravind et al. following UVPD of [AMP–H]− and was assigned
s B−·H2O [25]. While this could be a possibility, the fact that
e only observe m/z = 151 and the mass to charge ratio of the
eak does not depend on the identity of the attached nucle-
base suggests that the fragment involves the sugar–phosphate
roup that remains after glycosidic bond cleavage and not the
ucleobase itself. One possibility for the identity of this ion is
he subsequent loss of C2H2 (involving the 2′ carbon) from the
eoxyribonucleotide fragment [dBMP–H–BH–H2O]− to give the

on [dBMP–H–BH–H2O–C2H2]− which has m/z = 151. If a ribonu-
leotide is used as the parent ion instead, subsequent loss of C2H2O
rom the ribonucleotide fragment [BMP–H–BH–H2O]− will give the
on [BMP–H–BH–H2O–C2H2O]−, which will also have m/z = 151.
ue to the successive loss of nucleobase and water, the fragment

on [M−H–BH–H2O]− should consist of a substituted furan ring.
uran has previously been shown to lose C2H2 as a result of thermal
ecomposition [30]. However, the presence of the charged phos-
hate group, as well as an extra hydroxyl group at the 2′ position

n the case of the ribonucleotides, will likely lead to a considerably
ifferent mechanism.

The second class of fragments consists of the phosphate-
ased products PO3

− and H2PO4
− which are formed by cleaving

hosphate–sugar bonds. Finally, a very weak fragment ion, which
e only observe for the parent ion [AMP–H]−, has m/z = 139. Inter-

stingly, this fragment seems to appear in the fragment ion mass

pectrum of Aravind et al., although they did not explicitly label
t [25]. We do not believe that peak assignment is appropriate at
his time without further study, but we mention its observation for
ompleteness.
ectra.

An interesting point to note is that most of the fragment ions
that we observe are the result of a considerable amount of nuclear
rearrangement. All fragment channels have been previously seen
following the activation of gas-phase nucleotides and oligonu-
cleotides using a number of methods including collision induced
dissociation (CID), infrared multiphoton dissociation (IRMPD),
post-source decay (PSD) and blackbody induced radiative dissocia-
tion (BIRD) [27,31–34]. Many of these methods involve the thermal
deoxymononucleotides obtained during our previous study [9] (top) along with
branching ratios obtained during the current study (center and bottom). Branch-
ing ratios are grouped according to parent ions [XMP–H]− , where X = dA, dG, A, G,
cA, and cG. All values have been scaled so that the fragment ion with the highest
recorded intensity has a branching ratio of 100 arbitrary units.
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ig. 3. Schemes for formation of observed fragments (see Section 3.2); (a) H2PO4
−;

on by heterolytic cleavage of CN glycosidic bond.

o these other activation mechanisms suggest that UV-excited
ononucleotides fragment due to a large amount of vibrational

nergy. This is consistent with previous work which indicated that
ucleobases and nucleotides may undergo fast internal conver-

ion through conical intersections to reach a vibrationally excited
round electronic state [3,26]. The electronic energy that is con-
erted into vibrational energy in the molecule (up to 5.8 eV in our
xperiment) can then be used to induce unimolecular fragmen-
3
−; (c) deprotonated base ion by intramolecular E2 reaction; (d) deprotonated base

tation. Only one fragment channel, B−, could in principle result
from direct dissociation on a repulsive curve. While this is generally
viewed as an unlikely possibility, there are currently no experimen-
tal data suited to completely exclude this process.
All observed fragment ions correspond in principle to loss of
genetic information; loss of the base in the case of CN glycosidic
bond cleavage and strand-breaking in the case of the phosphate-
based products. However, the long decay times observed previously
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25,26] render similar dissociation events in the condensed phase
ery rare events at best.

.2. Relative abundance of fragments

Fig. 2 shows the relative abundances of fragment ions for
he different parent ions [M−H]−, where M = dAMP, dGMP, AMP,
MP, cAMP and cGMP close to the peak maxima of their respec-

ive photofragmentation cross sections (see Section 3.3). As
eported previously [9], the dominant fragmentions for the 2′-
eoxyribonucleotides are PO3

− and the phosphate–sugar fragment
emaining after the loss of the neutral base [M−H–BH]−. Replacing
he hydrogen at the 2′ carbon with an OH group changes the frag-

entation patterns, but the changes are not uniform for AMP and
MP with respect to their 2′-deoxy analogs. In the case of AMP, the

hosphate based fragments gain in abundance relative to the frag-
entation of dAMP, while the relative importance of [M−H–AH]−

ecreases. In contrast, [M−H–GH]− abundance increases for the
ragmentation of GMP vs. dGMP, while PO3

− decreases.
ctra from [AMP–H]− parent ions; right: fragment action spectra from [cAMP–H]−

The mechanisms that lead to these types of fragments are
not well understood. Ho and Kebarle [27] utilized CID under
single-collision conditions to activate parent ions. They extracted
threshold enthalpies for the individual fragment channels. Com-
parison of their experimental data with theoretical threshold
enthalpies obtained using semi-empirical calculations and tran-
sition state theory led them to propose a set of fragmentation
mechanisms. The formation of phosphate-based products from the
5′-monophosphates was proposed to occur by two separate mech-
anisms. In the first mechanism (see Fig. 3a), the phosphate group
abstracts a proton from the 4′ carbon of the sugar in an E2-type
elimination, resulting in the formation of H2PO4

−. In the second
mechanism (see Fig. 3b), transfer of a proton from a phosphate
OH group to the phosphoric acid ester oxygen, with concomitant
PO bond cleavage, results in PO3

− fragment ions. These mecha-
nisms are fairly straightforward and are consistent with many of

the mechanisms that have been proposed for nucleotide backbone
cleavage [35]. While Ho and Kebarle did not investigate the frag-
mentation energetics of cAMP, GMP or cGMP, activation energies
for different 5′-mononucleotides ranged from 120 to 150 kJ/mol for



134 J.C. Marcum et al. / International Journal of Mass Spectrometry 303 (2011) 129–136

F n spe
p

o
H

s
[
R
t
n
T
m
c
i
t
[

r
c
a
b
M
b
b
f
c
e
b
o
o

i
c
e
b
f

ig. 5. Photodissociation action spectra for guanosine species; left: fragment actio
arent ions.

bservation of PO3
− and from 170 to 200 kJ/mol for observation of

2PO4
− [27].

The situation is far less clear for mechanisms involving glyco-
idic bond cleavage. The mechanism proposed by Ho and Kebarle
27] (see Fig. 3c) based upon earlier work on dinucleotides by
odgers et al. [36], involved proton transfer from the 2′ carbon of
he sugar to the phosphate group. This proton transfer is accompa-
ied by loss of the nucleobase in an E2-type elimination process.
he B− ion that is formed remains attached to the remainder of the
olecule in a weakly bound encounter complex. This encounter

omplex can then go on to dissociate, resulting in B− fragment
ons. Alternatively, a second proton transfer step may occur prior
o dissociation of the complex, resulting in BH fragments and
M−H–BH]− fragment ions.

The mechanisms proposed for the fragmentation of
ibonucleoside-5′-monophosphates and their 2′-deoxy analogs
annot explain the differences in the trends for the guanine and
denine-based ions. Aravind et al. [25] pointed out the differences
etween the fragment branching ratios of [dAMP–H]− reported by
arcum et al. [9] and their data on [AMP–H]−. The ribonucleotide

ranching ratios in the present work are consistent with those
y Aravind et al., suggesting that the observed changes in the
ragmentation patterns are due to a significant change in the
hemistry when an OH group is present at the 2′ carbon. Activation
nergies for various non-cyclic 5′-mononucleotides were found
y Ho and Kebarle [27] to be in the range of 150–170 kJ/mol for
bservation of deprotonated base anions and 140–155 kJ/mol for
bservation of the loss of neutral base.

A much more pronounced difference in fragmentation patterns
s observed in the case of the 3′,5′-cyclic ribonucleotides cAMP and

GMP, where the phosphate group is tethered to the sugar moi-
ty by two covalent bonds (to the 5′ carbon and the 3′ carbon). In
oth cases, the anionic base fragments A− and B− are the dominant
ragments, with small abundances of PO3

− and nearly negligible
ctra from [GMP–H]− parent ions; right: fragment action spectra from [cGMP–H]−

contributions from other channels (see Fig. 2). Chiavarino et al. [37]
performed infrared multiphoton dissociation (IRMPD) experiments
on [cAMP–H]− and observed A− as their only fragment channel.
This difference in fragment ion abundance, when compared to the
results of the present study, can be explained by considering the
way in which energy is deposited into the molecule. In IRMPD,
the target molecules are heated slowly by sequential absorption of
infrared photons. If a hot molecule fragments on a time scale that
is fast compared to the heating process, one can expect that only
the lowest energy fragment channel will be observed. The IRMPD
work by Chiavarino et al. [37] therefore suggests that A− is the low-
est energy fragment channel for [cAMP–H]−. In contrast to IRMPD,
UV activation deposits a large amount of energy in a single event
(fast heating). While one might expect the lowest energy channel
to dominate, higher energy channels should occur as well, which
is consistent with our observations. This is also compatible with
the expectation that the generation of PO3

− should be suppressed
because two covalent bonds have to be cleaved to produce this
fragment, while only a single bond must be cleaved to result in the
formation of B−.

The sequence of events leading to the observed fragments is
unclear. According to Ho and Kebarle [27], cleavage of a PO bond
along the lines of Fig. 3b is the lowest energy channel for the non-
cyclic nucleotides. This reaction, however, cannot be active in cyclic
nucleotides, because the hydrogen that is transferred in Fig. 3b is
missing. In principle, a process similar to Fig. 3c could be responsi-
ble for B− production, but a PO or CO bond would have to be cleaved
first in this case since the phosphate group is otherwise not free to
perform an attack on the �-face of the sugar moiety. While the pres-
ence of phosphate-based fragments indicates that this can indeed

happen on the time scale of our experiment, it seems appropriate
to search for an alternative reaction that could produce B− in the
case of the cyclic nucleotides. We caution, however, that we cannot
unambiguously rule out or confirm one particular reaction.
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bundant fragment channels from [AMP–H]− and [cAMP–H]−; right: comparison of
GMP–H]− and [cGMP–H].

A possible mechanism involving glycosidic bond cleavage with-
ut the aid of the phosphate group is a 1,2-elimination of the
ucleobase and has been discussed earlier [38]. However, the initial
roducts formed during this mechanism are the neutral proto-
ated base, BH, and the corresponding anion [M−H–BH]−, not the
eprotonated base, B−. While this mechanism can explain the small
mount of [M−H–BH]− fragment ions that we observe following
rradiation of the cyclic mononucleotides (see Fig. 2), it cannot
xplain the dominance of B− fragments. A mechanism that leads
o the observed B− products is depicted in Fig. 3d. This mechanism,
hich is similar to some that have been proposed before for both
ucleotide anions [33] and cations [31], involves a direct heterolytic
ond cleavage of the CN glycosidic bond leading to B− and a zwitte-
ionic fragment that is resonance stabilized due to the sugar oxygen
39].

.3. Photofragment action spectra

Fig. 4 shows the UV photodissociation action spectra for the
ost abundant fragment channels of [AMP–H]− and [cAMP–H]−,

espectively. The spectra show broad unresolved structures with a
eak at ca. 4.9 eV, a shoulder at ca. 4.7 eV and a long high energy tail
hat decreases until a minimum is reached at ca. 5.5 eV. For some of
he fragment channels, the lowest energy features are suppressed.
similar behavior has been observed in our previous study on the

′-deoxyribonucleotides [9], which could be traced to the fact that
he effective appearance energies for some of the fragment ions (i.e.,
he energies to observe fragments within our window of observation)
ere within the energy range of the lowest energy features in the

pectra. We assume that this effect is active in the spectra shown
n Fig. 4 as well. In particular, we observe that the lower energy

eature in the fragment action spectrum of PO3

− from [cAMP–H]−

s strongly suppressed compared to A−. This is compatible with the
act that two bonds have to be broken in order to observe PO3

−

rom a cyclic nucleotide while the observation of A− in principle
ations; left: comparison of parent ion depletion [9] of [dAMP–H]− with the most
t ion depletion [9] of [dGMP–H]− with the most abundant fragment channels from

only needs cleavage of one bond. Our observation is also in line
with the fact that IRMPD experiments on [cAMP–H]− showed only
A− which can therefore be assumed to be the lowest energy frag-
ment (see also Section 3.2). The most abundant fragment channels
in [GMP–H]− and [cGMP–H]− are shown in Fig. 5. All spectra show
two broad unresolved peaks at ca. 4.5 eV and ca. 4.95 eV. At higher
energies, a minimum on the photofragment action cross sections is
observed at ca. 5.6 eV, followed by a steep rise, which is probably
due to higher electronic transitions. We observe suppression of the
phosphate based fragments from [cGMP–H]− at low energies, in
particular in the PO3

− channel, in analogy to the effects observed
for [cAMP–H]− parent ions.

In order to study the effects of changes in the sugar–phosphate
“backbone” structure on the electronic spectra of mononucleotides,
we can compare the electronic spectra of deoxyribonucleotides [9]
with those of the species in the present study. The left column of
Fig. 6 shows [dAMP–H]− parent ion depletion [9], together with
the most abundant fragment ions from [AMP–H]− and [cAMP–H]−,
respectively. The spectra of all three species are very similar.
Comparison of [dGMP–H]− depletion [9] and the most abundant
fragments from [GMP–H]− and [cGMP–H]− (the right column of
Fig. 6) shows that all spectra of the guanine based species are
also very similar. The independence of the envelope of the UV
photofragmentation spectra of the details in the phosphate–sugar
structures suggests that the UV chromophore is indeed the base
without significant contributions from the rest of the molecule, as
has been commonly assumed. We note that fluence dependence
measurements for the photofragment channels exhibited no signs
of multiphoton characteristics.

4. Summary
We have performed a series of experiments to probe the gas-
phase ultraviolet photodissociation of mononucleotides. For these
molecules, the photodissociation process involves a series of steps
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